Flat-panel displays, especially liquid crystal displays (LCDs), are now firmly established as important devices for information displays. But do LCDs assure better readability than cathode-ray tubes (CRTs)? We carried out an experiment using four types of displays: negative and positive CRTs, and LCDs with and without backlighting. A syllable-checking task using the Japanese katakana alphabet was conducted among fifteen healthy workers. They were divided into three groups; Group 1 had five young males aged 25 to 29, Group 2 was made up of five young females aged 18 to 24, and Group 3 consisted of five middle-aged workers who were 40 to 50 years old. We used four ambient light levels: 200lx, 500lx, 1250lx without reflected glare, and 500lx with reflected glare, on the display screens from behind. The illuminance of the glare was approximately 200cd/m2. Multiple regression analysis showed that non-backlit LCDs reduced reading performance in middle-aged subjects significantly. Since middle-aged workers have more difficulties than young workers, they need more appropriate displays and a more comfortable illuminance environment than younger workers.
Introduction
Flat-panel displays are now established as very important devices for information displays, and with the improvement in characteristics, their role is likely to expand1) . Because of their light weight and low power consumption, flatpanel displays are almost universally used for laptop computers. ANSI2) reported that "at present, there is no accepted metric for displays other than 'monochrome' CRTs (cathode-ray tubes) that adequately defines resolution and relates it to human performance." Liquid crystal displays (LCDs) are the most promising flat-panel displays, and recently the backlighting method has become common. Do LCDs assure better readability than CRTs? A quantitative test of visual performance using a Japanese syllable-checking task was carried out to answer this question.
Subjects and Methods
The subjects were fifteen healthy workers. They were divided into three groups; Group 1 had five young males aged 25 to 29, Group 2 was made up of five young females aged 18 to 24, and Group 3 consisted of five middle-aged workers who were 40 to 50 years old. For each subject, refractive error was corrected for VDT viewing. We used four ambient light levels: 200lx, 500lx, 1250lx without reflected glare, and 500lx with reflected glare, on the display screens from behind. The illuminance of the glare was approximately 200cd/m2.
Three types of wordprocessors were used to determine the visual characteristics of the four types of displays (see Table 1 ). These machines were a CRT wordprocessor, which has both negative and positive image modes, an LCD wordprocessor with backlighting, and an LCD wordprocessor without backlighting. All of the wordprocessors had displays with identical resolution For the syllable-checking task, random texts were displayed on the screen. The texts contained more than 30 words written in Japanese katakana (phonetic syllable alphabet) and each word consisted of five random syllables. Subjects were free to adjust the visual distance within the range of 50cm to 70cm. The subjects were instructed to count the occurrences of the syllables 'a' , `me' , 'fu' and 'ri' as fast and as accurately as possible. Thirty percent of each line of the text was composed of such target syllables. Each trial lasted for twenty seconds. After the trial, the subjects were asked to report the total number of syllables which they inspected and the occurrences of the target syllables which they detected. The subjects were also tested with a paper test which was identical to the above mentioned syllable inspection task in content.
Results
We regarded the total number of syllables recognized as their performance score. Performances in the paper test were analyzed, and Table  2 shows the mean numbers of syllables recognized by each of the three groups. We applied analysis of variance to the paper-test performances and found that no significant differences between the performances of the three groups existed.
Results for the tests using displays (VDTtest) were also analyzed, and Figure 1 shows the performance with these displays with four ambient light levels. For the illuminance level of 200 lx, the LCD without backlighting showed the lowest number of syllables recognized.
Multiple regression analyses were undertaken. First, an analysis was made based upon 240 trials of both young and middle-aged subjects.
The dependent variable was syllables recognized, and independent variables were illuminance level, type of display, the presence of glare, sex, and age. Three dummy variables were introduced for the types of displays, and three more dummy variables for the illuminance levels, including the existence of glare. The standard conditions chosen were for a young male subject using a CRT Table 1 Characteristics of the four types of displays tested display with a negative image under 500lx ambient light without glare. All independent variables were arranged with respect to these standard conditions. Table 3 shows that the performance of middle-aged subjects was significantly reduced. The non-backlit LCD lowered their performance, but this was not statistically significant.
We then divided all of the subjects into two groups; Group A contained Group 1 and Group 2 and consisted of 10 young subjects. Group B was derived from Group 3, which contained the five middle-aged subjects. Two multiple regression analyses were carried out. The results of the multiple regression analysis of Group A are shown in Table 4 . Among the young subjects, there were no factors which influenced the performance of the checking task. Table 5 shows the results of the multiple regression analysis on Group B. Among the middle-aged subjects, the use of non-backlit displays reduced performance significantly.
Discussion
Although LCDs will have an increasingly greater market share, their visual characteristics have seldom been studied. For the purpose of this study, we measured letter-checking performances for four types of displays using subjects of different generations. This is the first study of its kind. Some flat-panel displays contain their own source of light. Electro-luminescence, plasma, matrix CRT, and LCD displays with backlighting are such examples. These displays are called `emissi ve displays'. There are other displays that modulate light which simply rely on light available in the workplace. The most common examples are LCDs without backlighting. In this experiment, we used both types of displays.
We studied readability when the subjects' eyes were located just in front of the displays. LCDs have visual characteristics which vary with the viewing angle. This restricts the relative position of the viewer and screen. Sometimes the Table 3 Multiple regression analysis for all subjects (Total 240 trials) Table 4 Multiple regression analysis for 10 young subjects (Total 160 trials) Table 5 Multiple regression analysis for five middle-aged subjects (Total 80 trials) head to screen positioning is too restricted to be acceptable.
Recently, multicolor LCDS have become available and as prices fall, they should obtain a considerable share of the information display market. But monochrome LCDs are very popular and should remain one of the most common types of displays. ANSI2) indicated that in workplaces with visual display terminals (VDTs), illuminance levels are commonly in the range of 200lx to 500 lx, measured on the work area of the work surface. But a higher illuminance (approximately 500lx to 1000lx) is usual in a Japanese office with VDTs. For these experiments, we used three sets of conditions to take this factor into consideration.
cant difference between high-and standard-resolution VDTs could be detected, with respect to readability. We used 12" CRTs and slightly smaller (10 inch) LCDs for the present experiment. Though the dimensions of the displays were different, the characters on both types of displays were almost the same size and were sufficiently large4) . ANSI2) recommended that "illumination sources in the environment should be designed and located to minimize glare" and reported that "reflected glare is produced by specular reflections from polished or glossy surfaces and by more diffuse reflections, which may produce a veil of light and thereby reduce contrast." In this experiment, the reflected glare generally reduced the performance for syllable checking using negative CRT images, but this glare generated no significant changes in performance. For positive-image CRTs and backlit LCDs, the mean illuminance of the screen was high and this may have little influence. Furthermore, for non-backlit LCDs, the reflected glare slightly improved the contrast of the screen, which might have canceled the maleffects of reflected glare 5,6).
It is suggested that visual display unit (VDU) users should select viewing distances that they find comfortable in the range of more than about 50cm7). The visual distances in this experiment were close to this.
The subjects were chosen from two different age groups. The younger age group was divided into both females and males, and it was found that no statistically significant differences existed for these groups for any display type. For the middle aged-group, there were only male subjects, and hence no analysis based on gender could be conducted.
We employed two generations of subjects:
people in their twenties and people in their forties to fifties. It has been found that accommodation power decreases with age8) and also under conditions of binocular vision using VDTs9) . For middle-aged subjects, the visual distance in this experiment was almost full-power accommodation, while the young subjects had greater margins. This study suggests the utility of analyzing VDT readability using letter-checking performance. Syllable-inspection speeds showed low readability for non-backlit LCDs for middle-aged subjects, and therefore, if VDT workers are middle-aged or elderly, non-backlit LCDs are not recommended.
Since middle-aged subjects have low accommodative power10), their vision should be properly corrected for VDTs, and more care should be taken to see they have appropriate displays and illuminance without reflected glare, than for their younger counterparts.
